Bacillus subtilis core RNA polymerase, containing a His 6 -fusion to the C-terminus of the ␤ subunit, was isolated by Ni-NTA, Superdex 200 gel filtration, and Mono Q anion-exchange chromatography. The purified core enzyme was shown to be free of the major sigma factor A and the transcription factors NusA and GreA. The purification procedure can be completed within 1 working day, is scalable, and yields highly purified and active core RNA polymerase. © 2000 Academic Press Bacillus subtilis core RNA polymerase, like other eubacterial RNA polymerases, is composed of four subunits with the subunit composition ␣ 2 ␤␤Ј (4,5). This multimeric enzyme is capable of promoter-independent RNA polymerization. However, when complexed with a sigma factor, RNA polymerase holoenzyme is able to direct transcription of specific classes of genes by recognition of promoter sequences on DNA (7). Currently, there are 17 known sigma factors in B. subtilis (9,10), each of which regulates the expression of genes in response to different environmental stimuli. The research aimed at elucidating the sophisticated regulatory network involving sigma subunits in B. subtilis yielded a number of insights into the phenomenology of transcriptional regulation in bacteria. However, as the history of Escherichia coli RNAP 2 investigations suggests, the consistent progress of mechanistic studies of RNAP action depends on the ability of the experimenter to reconstitute wild-type and mutant holoenzyme from highly purified components (6,13). Availability of such highly purified components is crucial not only for obtaining reproducible and interpretable results, but also for unambiguous assignment of functional properties to a given component of RNAP and/or fragment thereof.
Bacillus subtilis core RNA polymerase, like other eubacterial RNA polymerases, is composed of four subunits with the subunit composition ␣ 2 ␤␤Ј (4, 5) . This multimeric enzyme is capable of promoter-independent RNA polymerization. However, when complexed with a sigma factor, RNA polymerase holoenzyme is able to direct transcription of specific classes of genes by recognition of promoter sequences on DNA (7) . Currently, there are 17 known sigma factors in B. subtilis (9, 10) , each of which regulates the expression of genes in response to different environmental stimuli. The research aimed at elucidating the sophisticated regulatory network involving sigma subunits in B. subtilis yielded a number of insights into the phenomenology of transcriptional regulation in bacteria. However, as the history of Escherichia coli RNAP 2 investigations suggests, the consistent progress of mechanistic studies of RNAP action depends on the ability of the experimenter to reconstitute wild-type and mutant holoenzyme from highly purified components (6, 13) . Availability of such highly purified components is crucial not only for obtaining reproducible and interpretable results, but also for unambiguous assignment of functional properties to a given component of RNAP and/or fragment thereof.
Several protocols that describe the purification of RNA polymerase from B. subtilis have been previously published (3, 8, 11, 14, 15) . Purification steps have included immunoprecipitation, phase partitioning, gel filtration, DEAE-Sephadex, DNA-cellulose chromatography, and glycerol gradient sedimentation-all of which are time-consuming, labor-intensive, and producing variable levels of success. Published protocols range from a one-step affinity purification of the engineered (His 6 -tagged) RNAP (8) to more sophisticated purifications utilizing several chromatographic and extraction steps (15) . However, all these protocols proved inadequate for removing all sigma factors, transcription factors, and other contaminating proteins (8, 15) .
In this paper, we present a rapid, scalable procedure for purification of B. subtilis RNA polymerase core enzyme that is both active and free of sigma factors and other transcription factors. We have chosen the minimal number of high-resolution steps to maximize purity and efficiency; in fact, the entire purification procedure can be accomplished within 1 day. The purified core enzyme has high activity and exhibits expected pausing/termination behavior in an in vitro transcription assay. This procedure should prove valuable for reproducibly purifying RNA polymerase core enzyme for use in biochemical and in vitro transcription assays.
MATERIALS AND METHODS

Bacterial Strains
The B. subtilis strain utilized in this paper has a chromosomal His 6 -fusion to the C-terminus of the ␤Ј subunit (12).
Buffers and Reagents
All reagents were purchased from Sigma Biochemical unless otherwise indicated. Spectrophotometricgrade glycerol was purchased from Fisher. Ni-NTA agarose was purchased from Qiagen.
Bacillus culture medium LBD contained 0.5% Bactotryptone, 1.0% Bacto-yeast extract, 0.5% NaCl, and 1% dextrose. Lysis buffer P contained 300 mM NaCl, 50 mM Na 2 HPO 3 , 3 mM 2-mercaptoethanol, 5% glycerol, and complete EDTA-free mini protease inhibitor mix (Roche). TGED buffer contained 50 mM Tris-HCl, pH 7.9, 5% glycerol, 0.1 mM EDTA, and 0.1 mM DTT. Storage buffer contained 50 mM Tris-HCl, pH 8.0, 50% glycerol, and 3 mM 2-mercaptoethanol. pH values for buffers were determined at 22°C.
Cell Growth and Lysis
An overnight culture of Bacillus was diluted 1:1000 with LBD medium and grown at 37°C with rapid agitation (300 rpm) until the culture was harvested by centrifugation at an OD 600 of 1.2. The cell pellet (ϳ5 g wet wt cells/liter) was resuspended in lysis buffer P (3 ml of buffer per 1 g wet cells) and lysed by sonication. Cell debris was pelleted by centrifugation at 12,000g for 15 min. Culture volumes ranging between 1 and 10 liters were processed similarly using cell-mass-based scaling.
Ni-NTA Chromatography
A 1/10 (v/v) Ni-NTA agarose slurry was added to the supernatant and incubated with mixing for 30 min at 8°C. The mixture was applied to a Polyprep column (Bio-Rad) for gravity flow chromatography. The resin was drained and washed with 20 vol of lysis buffer P followed by 20 vol of lysis buffer P ϩ 60 mM imidazole. RNA polymerase was eluted with 0.5-ml aliquots of lysis buffer P ϩ 400 mM imidazole. Individual fractions were subjected to electrophoresis on a 4 -12% NuPAGE Bis-Tris gel with Mes buffer (Novex) and stained with GelCode Blue reagent (Pierce).
Superdex 200 Gel Filtration Chromatography
The Ni-NTA eluate fractions containing RNA polymerase were pooled (ϳ3 ml) and loaded onto a 55-ml Superdex 200 (prep grade, Pharmacia) column that had been equilibrated with TGED ϩ 0.3 M NaCl at 60 ml/h. The column was run at 21°C. Protein concentration was monitored at an absorbance of 280 nm. Fractions (0.5 ml) were collected and analyzed for RNA polymerase content by electrophoresis.
Mono Q Ion-Exchange Chromatography
The Superdex 200 peak fractions with the highest purity of RNA polymerase were pooled and diluted twofold in TGED ϩ 0.1 M NaCl. This sample was loaded onto a 2-ml Mono Q anion-exchange column (Pharmacia) preequilibrated with TGED ϩ 0.24 M NaCl at 1 ml/min. RNA polymerase was eluted with a linear gradient of 0.24 to 0.55 M NaCl in TGED over 45 min. Protein concentration was monitored at A 260nm and A 280nm . Fractions (0.5 ml) were collected and subjected to electrophoresis. Fractions containing pure RNA polymerase were dialyzed overnight into storage buffer at 4°C and stored at Ϫ20°C.
In Vitro Transcription Activity Assay
Linear templates were generated by PCR from plasmid pIA237 containing the ops pause site cloned under control of T7A1 promoter (Fig. 4) . Transcription complexes were formed at 40 nM in transcription buffer (20 mM Tris-HCl, 20 mM NaCl, 14 mM MgCl 2 , 14 mM 2-mercaptoethanol, 0.1 mM EDTA, 20 g/ml BSA, 5% glycerol) with 150 M ApU (Sigma), 1 M CTP, 2.5 ⌴M ATP and GTP (Pharmacia), and 0.2 Ci/l of [␣ 32 P]CTP (NEN; 3000 Ci/mmol) for 20 min at 37°C. The transcribed sequence ATCGAGAGGGACACGGG-GAAACACCACCA 29 allows the formation of synchronized transcription complexes halted after addition of A29 in the absence of UTP. Elongation was allowed to resume by the addition of GTP to 10 M; ATP, CTP, and UTP (Pharmacia) to 150 M; and heparin to 100 g/ml. Samples were taken at the desired time points and mixed with the equal volume of 2ϫ stop solution (500 mg pure urea in 500 l 140 mM Tris-borate, pH 8.3, 8 mM EDTA, 0.2% bromphenol blue, 0.2% xylene cyanol). After completion of the time course, some samples were incubated for an additional 5 min with 250 M each NTP (chase). Samples were denatured for 2 min at 90°C and electrophoresed through 9% denaturing gels (19:1 (w/w) acrylamide to bisacrylamide, 7 M urea) in 1ϫ TBE (44 mM Tris-borate, pH 8.3, 7.5 mM EDTA).
RESULTS AND DISCUSSION
Purification
The B. subtilis culture containing a C-terminal His 6 -fusion to the chromosomal copy of rpoC was grown to mid-to-late exponential phase with vigorous aeration. Care was taken not to allow the B. subtilis culture to begin sporulation. This would alter the population of holoenzymes present and cause a loss of reproducibility between purification runs. Cells were lysed by sonication. The lysate was then cleared by centrifugation and the pellet, which contained cell debris and unbroken cells, was discarded.
The supernatant (Fig. 1, lane 1) was then combined with a 1/10 vol (v/v) of Ni-NTA agarose slurry for batch chromatography. The mixture was transferred to a Polyprep column and washed with lysis buffer P ϩ 60 mM imidazole. While other concentrations of imidazole may be used for the wash, we found that 60 mM imidazole is optimal for removing contaminants while retaining the majority of RNA polymerase. RNA polymerase was eluted with 0.5-ml aliquots of lysis buffer P ϩ 400 mM imidazole (Fig. 1, lane 2) .
The peak fractions from the Ni-NTA column were pooled and loaded onto a Superdex 200 gel filtration column at the flow rate of 60 ml/h. As shown in Fig. 2 , there were three protein peaks, two of which were clearly resolved. The first peak (I) eluted near the void volume at approximately 29 min. The second peak (II) eluted at around 31 min and the third peak (III) eluted at approximately 35 min. Analysis of the peak fractions by SDS-PAGE revealed that peaks I and II contained primarily pure RNA polymerase while the third contained unidentified contaminants. Fractions from peak I and II that contained the highest concentrations of RNA polymerase were pooled (Fig. 1, lane 3; Fig. 2) .
In order to separate core RNA polymerase from residual protein contaminants, the pooled fractions from the gel filtration column were applied to a high-resolution Mono Q anion-exchange column at 1 ml/min. Fractions (0.5 ml) were collected and analyzed for protein concentration by monitoring A 280nm and A 260nm . Three peaks were clearly resolved after elution with a NaCl gradient from 0.24 to 0.55 M over 45 min (Fig. 3) . The first and largest peak (A) eluted at approximately 35.4 min (0.38 M NaCl). The second (B) and third (C) peaks eluted at 41.4 min (0.42 M) and 53.6 min (0.50 M), respectively. All three peaks had an A 280nm to A 260nm ratio of 1.7 or higher that indicated that the peaks contained no nucleic acid. A large nucleic acid peak eluted after the gradient during a 0.55 to 1.0 M NaCl gradient wash (not shown).
Characterization of Purified RNA Polymerase
The first peak from the Mono Q column contained core RNA polymerase. Fractions across peak A were analyzed by SDS-PAGE. Three different levels of pure RNA polymerase were isolated from peak A. The first, which we classified Grade I, contained the least amount of protein contaminants and was 98% pure by densitometric analysis of the Coomassie-stained gel (Fig. 1, lane 4; Fig. 3 ). The second, Grade II, and the third, Grade III, contained slightly higher levels of contaminants, including low amounts of A (Fig. 1 , lanes 5 and 6 and data not shown). Peaks B and C from the Mono Q column (Fig. 3) contained unidentified protein contaminants. Shallower gradients were tried to provide more separation between the different grades of polymerase; however, we were unable to improve the resolution of the Mono Q peaks. Because studies of transcriptional initiation and elongation require pure RNA polymerase free of sigma factors and other elongation factors, we analyzed the fraction with highest purity (Grade I) by Western blot for the presence of A , NusA, and GreA. We could not detect NusA, GreA, nor A or any other cross-reacting sigmas in the Grade I fraction, suggesting that they were removed during Mono Q chromatography (data not shown); therefore, we conclude that our purification procedure is sufficient to remove the major sigma factor A and the primary transcription factors mentioned above.
We did not remove the His 6 -tag on the ␤Ј subunit after purification. The His 6 -tagged RNAP is functional in vivo since the source B. subtilis culture is able to grow and sporulate normally. This suggests that the enzyme is able to interact with sigma factors and other transcription factors.
Reproducibility, Scalability, and the Yield of the Purification Procedure
We have repeated the chromatographic steps four times using culture volumes ranging between 1 liter of orbital shaker-grown cells to a 10-liter culture harvested from a fermenter. In all cases, we noted a remarkable consistency of all chromatographic patterns, including the timing and the appearance of the peaks, making it possible to omit intermediate analytical SDS-PAGE steps once the purification protocol was adapted to a given HPLC system.
Monitored by the Bradford dye-binding protein assay, the amount of protein processed at different purification stages from a preparation starting with 10 g wet wt cells varied from 378 mg of total protein in the cleared unfractionated extract, to 2.8 mg in Ni-NTA column eluate, to 2.2 mg in pooled gel filtration fractions, and to 1.1 mg of the Grade I RNAP core.
In Vitro Transcription to Determine Activity
Following electrophoretic assessment of the RNAP core purity, we determined if our preparation of core enzyme was active in the in vitro transcription assay. Elongation properties of B. subtilis RNAP are not well characterized, but Bacillus terminators resemble those of E. coli and are frequently followed by an uninterrupted run of 6-to 8-U residues. Therefore, we chose a transcription template that encodes an E. coli ops pause site (1) and the his terminator (a strong E. coli terminator with 8-U residues following the RNA hairpin) cloned under control of bacteriophage T7A1 promoter, an early T7 promoter which is recognized by E 70 holoenzyme. We first formed transcription complexes halted at position A29 (see Materials and Methods) either in the absence or in the presence of B. subtilis A (5ϫ molar excess relative to core). Halted complexes were formed in the presence, but not in the absence of the factor. Elongation was then allowed to resume in the presence of all four NTPs (at limiting 10 M GTP to enhance pausing at the ops site), and the reaction was sampled at the time intervals indicated in Fig. 4 . Using this assay, we detected pausing at posi- tions U62 and U64 (indicated with P), identical to the pause sites recognized by E. coli RNAP on this template (1) , and termination at the his terminator (T). A more comprehensive comparative analysis of transcriptional activities of core RNA polymerase from B. subtilis and E. coli is presented in (2) .
Therefore, we conclude that the B. subtilis core preparation is: (i) free of endogenous A factor, (ii) transcriptionally active, and (iii) recognizes at least a subset of signals that also interrupt elongation by E. coli enzyme. This preparation of the core was responsive to additions of NusA and GreA factors which caused marked changes in the elongation pattern (I. Artsimovitch, unpublished observations). This result, together with the Western blot analysis, indicates that the core preparation does not contain detectable quantities of these two elongation factors.
CONCLUSION
The purification protocol described in this report utilizes the Ni-affinity purification/enrichment step to separate RNAP from majority of the cell proteins, a gel filtration step for removal of Ni-binding proteins that are not associated with RNAP, and an ion-exchange (Mono Q) chromatography step to separate core RNAP from A -RNAP holoenzyme. The resulting preparation of core is free from detectable amounts of A , GreA, and NusA and can be efficiently reconstituted in vitro with these proteins purified individually. The procedure is very reproducible and scalable within at least 10-fold range (1 to 10 liters of starting culture) offering a highly pure transcriptionally active B. subtilis core RNAP in three chromatographic steps.
